Abstract: Strengthening the structural members of old buildings using advanced materials is a contemporary research in the field of repairs and rehabilitation. Many researchers used plain Glass Fiber Reinforced Polymer (GFRP) sheets for strengthening Reinforced Concrete (RC) beams. In this research work, rectangular corrugated GFRP laminates were used for strengthening RC beams to achieve higher flexural strength and load carrying capacity. Type and dimensions of corrugated profile were selected based on preliminary study using ANSYS software. A total of twenty one beams were tested to study the load carrying capacity of control specimens and beams strengthened with plain sheets and corrugated laminates using epoxy resin. This paper presents the experimental and theoretical study on flexural strengthening of Reinforced Concrete (RC) beams using corrugated GFRP laminates and the results are compared. Mathematical models were developed based on the experimental data and then the models were validated.
Introduction
Strengthening of RC beams is necessary to obtain the expected lifespan of structures. Life span of RC beam may reduce because of improper beam design, ingression of chemical agents etc. Strengthening of RC beams using steel plates and FRP composites are most common globally. In order to minimize the disadvantages of steel such as corrosion, high unit weight, connection difficulties; many researchers have tried various FRP composites such as Aramid, Glass and Carbon. In future, Fibre Reinforced Polymer (FRP) materials could play an important role for the construction industry [1] . Nowadays, retrofitting work for RC structural members, GFRP composites are commonly used because of its excellent properties such as high strength, less weight to strength ratio, noncorrosive nature and easy handling.
Several investigations on strengthening of RC beams using different FRP composites and adhesives are studied and discussed. So far researchers have varied the thickness, position, orientation and number of layers for retrofitting work.
Hamid Saadatmanesh and Mohammad, have studied experimentally the characteristics of five rectangular beams retrofitted using GFRP plates at tension zone with epoxy resins [2] . It was concluded that the GFRP plate strengthened beams resist more loads and reduces crack width. Slobodan Rankovic et al., has done experimental study on RC beams strengthened with Near Surface Mounted (NSM) reinforced FRP composites [3] . Kang Seok Lee., has adopted different technique for shear and flexural strengthening of existing RC structures using chopped strand carbon or glass fibers mixed with epoxy and vinyl ester resins sprayed on sides and soffit of concrete beams with compressed air [4] . Recently, Hui Peng has done experimental study on reinforced concrete beams strengthened with pre-stressed near surface mounted CFRP strips [5] . Rami A. Hawileh has studied the behavior of RC beams strengthened with externally bonded hybrid fiber reinforced polymers [6] . Muhammad Masood Rafi and Ali Nadjai., studied high temperature effect on RC beams with CFRP bars and compared with normal temperature [7] . Previous research on strengthening works reveals that more layers of FRP materials applied, the higher flexural strength would be achieved [8] . This paper presents an experimental and theoretical analysis on strengthening of RC beam using corrugated Glass Fibre Reinforced Polymer (GFRP) laminates. GFRP composites were used to develop corrugated profile and preliminary investigations for its physical dimensions and structural behavior in flexural members, were carried out. Glass fiber reinforced polymer is used for strengthening of undamaged concrete beams instead of repairing or rehabilitating old structures [9] . Control beam and beam strengthened with plain GFRP composites was tested for a comparative study with the beam strengthened with corrugated GFRP laminates. Corrugated laminates were attached at tension zone of the beam for RC beam strengthening works.
Preliminary Analysis
A preliminary analysis was carried out to find out the best corrugated profile for RC beam strengthening works. Rectangular, 'V' and trapezoidal are the common profiles used in folded plate techniques and those profiles were considered for the preliminary analysis. Singly reinforced RC beams of cross section 100 mm x 150 mm and the length of 1200 mm was used for analysis. Two bars of 10 mm diameter with characteristic strength of steel 415 MPa were used as tension reinforcement. Characteristic compressive strength of concrete and clear cover for the beams were considered as 20 MPa and 15 mm, respectively. Preliminary analysis was carried out using ANSYS software and it found that the rectangular corrugated profile carries more load as compared to the other two profiles.
Fabrication of corrugated profile
Shape and dimensions of the corrugated profile has been chosen based on finite element simulation and Fig. 1 shows the shape of rectangular corrugated profile.
The following procedures were followed for the manufacture of rectangular profile corrugated laminates.
Mould preparation
After profile selection, two wooden dyes with grooves were prepared using a hand tool router in such a way that, one corrugated portion can be inserted on the other one as shown in Fig. 2(a) . After the preparation of wooden dyes, two GFRP moulds such as base mould and pressing mould were prepared using three GFRP sheets of size 450 GSM (Gram per square meter), GFRP chopped strands and epoxy resins. Grooved portions of wooden dyes were filled with GFRP chopped strands and epoxy resins mix and also sheets with resins were placed on the dyes. Then the setup was allowed for hardening.
After hardening the moulds were removed from the dyes. Corners, edges and grooves of the moulds were smoothened with the help of files.
Corrugated GFRP laminates preparation
Mould release wax was applied on both the moulds top surface and epoxy resin was provided over the base mould. The required width of GFRP sheet cut from the role and placed over the base mould. Epoxy resin was applied again on the sheet and surface of the pressing mould using brush as shown in Fig. 2(b) . Pressing mould was kept on the GFRP sheet in inverse direction and pressure was applied manually as shown in Fig. 2(c) . The moulds were held in position using mechanical fasteners, as shown in Fig. 2(d) . After hardening the hooks and the pressing mould were removed from the setup and the GFRP corrugated profile laminate was released from the mould. The GFRP corrugated laminate was made into final shape with required dimensions using cutting and grinding machine.
Materials used
For experimental work, 21 singly reinforced RC beams viz., 6 beams from each group, strengthened with plain sheets, corrugated laminates with and without mechanical fasteners and 3 control beams, were cast.
Reinforcement details
The dimensions used for preliminary analysis were followed for experimental work and two numbers of 10 mm diameter and two numbers of 8 mm diameter bars were provided at bottom and top of the beams respectively. Two legged 6 mm diameter stirrups at 105 mm spacing were provided. The reinforcement provided was common for all the beams with a characteristic strength of 415 MPa.
Concrete Mix
Portland Pozzalona Cement (PPC), "Lafarge" brand was used for the experimental work. Plasticizers or any other additives were not used with the concrete. The properties of concrete ingredients were tested in accordance with Indian Standard specifications. The fine aggregates used for casting work was clean river sand, passing through 4.75 mm sieve with specific gravity, of 2.63, and confirming to zone II. Angular crushed granite with sizes of 12.5 and 6.3 mm were used as coarse aggregate with specific gravity 2.99 and 2.87, respectively. Ordinary water fit for drinking and free from chemical substances was used for concreting and curing.
Concrete grades and mix ratio
Three different concrete grades were used; M15, M20 and M25 for experimental work. According to Indian Standards, IS 456 -2000, minimum concrete grade for reinforced concrete is M20 [10] and based on IS 456 -1978, minimum concrete grade for reinforced concrete was M15. Concrete grade M15 is included for experimental works, since it is necessary to strengthen the RC beams which were constructed based on IS 456 -1978 [11] .
Mix ratio used for concreting which was determined based on mix design in accordance with Indian Standard guidelines. M15 concrete was designed based on IS10262: 1982 [12] and M20 & M25 concrete grades were designed based on IS10262: 2009 [13] . The designed mix proportions for M15, M20 and M25 concrete grade were 1: 2.1: 4.66, 1: 1.97: 2.58 and 1: 1.74: 2.53 respectively.
GFRP sheet and laminates details
GFRF Chopped Strand Mat (CSM) sheets with three different sizes were used for retrofitting works such as 300, 450 and 600 GSM (Gram per square meter) with 0.4, 0.6 and 0.8 mm thicknesses respectively. GFRP laminates were provided with 900 mm length of the beam to get maximum strength of the beam which can be seen in Fig. 3 . Plain sheet or corrugated GFRP laminate was attached on tension zone of beams as first layer. Second layer of plain GFRP sheet with the same thickness as of the first layer, was provided at bottom of the first layer. This layer extended by 112.5 mm on the sides of the beam forming a Uwrap. In order to avoid debonding of laminates and premature failures, the extended portion was taken upto 75 % of the overall depth of beam. As the contact area between the corrugated profile and the concrete surface of the beam is reduced it may lead to debonding of laminates. Therefore, corrugated portion of laminates were filled with epoxy and filler mix to increase the bond strength. Furthermore, to increase the bond between concrete surface and second layer of plain sheet, mechanical fastenings with three sets of bolts, washer and nuts per side were used to connect the extended portion of plain GFRP sheet with the RC beam. 
Adhesive details
From the literature survey, it has been noticed that, most of the authors have used epoxy resins for the attaching FRP composites with the concrete due to its superior property in comparison to other adhesives [14] . Epoxy adhesive is used for the bonding of FRP plates to the concrete [15] . For this research work, Araldite GY 257 (Epoxy resin) and Aradur 140 (Hardener) were used. The efficiency of the strengthening technique critically depends on the performance of the epoxy resin used [16] . The characteristics & mechanical properties of adhesives were supplied by the manufacturer. Araldite GY 257 (epoxy resin) and Aradur 140 (hardener), were mixed with the ratio of 2:1 by weight. After hardening, the adhesive had an ultimate tensile strength of 39.24 MPa (ASTM D638) [17] , flexural strength 78.48 MPa (ASTM D790) [18] and modulus of elasticity in tension is 215.82 MPa (ASTM D638). The density of Araldite GY 257 and Aradur 140 are 1.15 g/cm 3 and 0.98 g/cm 3 , respectively.
Experimental work

Specimen preparation techniques
Concrete was prepared using a tilting type mixer machine and concrete was properly placed in the beam moulds and compacted using a needle vibrator. Fig. 4(a) shows the reinforcement grill used for beam casting work. During casting, three concrete cubes for each mix were prepared for checking 28 days concrete compressive strength. Also slump test was carried out to check the workability of the fresh concrete. Table vibrator was used for compacting cubes. After casting, the specimens were cured for 28 days using potable water as shown in Fig. 4(b) . After curing, laitance, concrete projections and dust particles were removed using grinding machine and air blower as shown in Fig. 4(c) . ACI guidelines were followed in attaching GFRP sheets with beam concrete surface. The ACI code states that the bond between laminates and concrete surface is perfect [19] , was considered during retrofitting. GFRP plain sheets with width 100 mm were wrapped over the soffit of the beam, immediately after the application of epoxy adhesives. For corrugated laminates, corrugated portions were filled with epoxy resin and filler mix and placed over the soffit of the beam as shown in Fig. 4(d) . Hand roller was used to maintain effective adhesion between concrete surface and composites by squeezing out excess amount of epoxy as shown in Fig. 4 (e).
Testing variables are classified as: control beams, the strengthened beams retrofitted with plain sheets and corrugated laminates of sizes 300, 450 and 600 GSM. Also mechanical fasteners were used to connect the second layer of plain sheets to the RC beams as shown in Fig. 4(f) . The RC beams were cast using M15, M20, and M25 grades.
Load setup
Beams were tested under temperature 28°C and Fig. 4(g) shows the load setup. The span between supports was 1000 mm and two point loads at a spacing of 333 mm (one third of span) were applied with 300T UTM for experimental work. Three LVDT at different locations, two under the loads and one at mid span were placed at tension zone of the RC beam to measure the vertical deflections as shown in Fig. 5 .
Loads and deflections were measured at each and every increment. Ultimate load and the type of failure for each beam were noted. Fig. 4(h) shows the failure pattern of a M15 grade beam strengthened with 450 GSM corrugated laminates attached with mechanical fasteners.
Modeling and theoretical analysis
Mathematical models were developed for the prediction of load carrying capacity of beams, in relation with the dimensions and material properties of the concrete, steel reinforcements and GFRP composites. The dimensions considered in the model are thickness of the GFRP composites, gross area of beam and area of tension reinforcements. The material properties are 28 days compressive strength of concrete, yield stress in steel and tensile strength of GFRP sheets and laminates. The ultimate tensile strength of GFRP plain and corrugated laminates were tested in the laboratory and the test results are shown in Table 1 .
Response surface methodology design
Response surface methodology (RSM) is commonly used for the development of mathematical model. For this research work, Response surface methodology was used to develop the mathematical model for load carrying capacity of beams with GFRP composite sheets and corrugated laminates. Empirical models are developed using a collection of mathematical and statistical techniques in RSM.
In this research work, RSM is used to optimize an output variable influenced by several independent input variables. The independent models were developed for the prediction of load carrying capacity for beams strengthened with GFRP sheets and corrugated laminates. Mathematical model developed by RSM may be used as an alternative method in load carrying capacity analysis for strengthened beams and predictions. MATLAB R2013 has been used to develop the code to implement the present RSM model. Also, the developed mathematical model was used for determining optimal thickness of GFRP sheets and laminates to get a maximum flexural strength. Along with mathematical model, normal probability, contour and surface plot for maximum load carrying capacity (Pumax) of strengthened beams were plotted. In normal probability, residual versus percentage, was plotted. Mathematical models for various strengthened beams were developed in the form of regression equation in uncoded forms.
Results and discussions
Results of ultimate load enhancement
The tests have been conducted on specimens having various GFRP composites and Mechanical Fastenings (MF). These GFRP composites were used in the form of plain sheets and corrugated laminates. The experimental results showed that the epoxy resin performed adequately as adhesives in specimens. However, the ultimate load varied for all strengthened beams depending on the type of composites and mechanical fastenings. Table 2 presents the ultimate loads achieved by each strengthened beam specimen tested. For the purpose of comparison, ultimate loads for various beam specimens are computed from developed mathematical model and presented in a separate column. The comparison of the ultimate loads based on experimental results and numerical analysis would clearly characterize the strengthening qualities of beam specimens.
The experimental results show that most of the strengthened beams retrofitted with GFRP plain sheets and corrugated laminates have failed in flexure.
The results show that the ultimate load for beams strengthened with GFRP plain sheets and corrugated laminates is more than that of control specimens. The experimental values shows that the load carrying capacity of beams strengthened with GFRP laminates is more than that of beams strengthened with plain sheets. This differ- Strength of the retrofitted beams is proportional to the thickness of GFRP sheets and laminates. Load verses central deflection values for all twenty one beams are plotted and grouped into three based on concrete grades such as M15, M20 and M25 shown in Fig. 6 (a) (b) and (c), respectively.
Performance parameters
The performance model was trained with 94 % data and the remaining 6% experimental data were used for testing. The predicted values of from the model outputs were compared with the actual experimental results. Table 2 shows the comparison between experimental and RSM predicted ultimate load values for beams strengthened with plain sheets and corrugated GFRP laminates.
The accuracy of the RSM predictions has been evaluated with the aid of a normal probability plot. From the Fig. 7(a), (b) and (c), it is noted that all the predicted values lies very close to the trend line. The performance of mathematical models is also evaluated with the measures of mean square error (MSE) and correlation coefficient between actual and predicted data.
Conclusions
The experimental results of twenty one RC beam specimens proved that all the strengthening parameters such as GFRP plain sheets, corrugated laminates and mechanical fastenings contribute substantially to the flexural strength to the beams. Also the experimental results confirm that the strengthening techniques using various GFRP compos- 4. Furthermore, the beams strengthened with 450 GSM GFRP plain sheets show an increase in the beam's ultimate load of upto 7.32% and for corrugated laminates upto 31.84% higher compared to that of control beams. Also, there was an increase in load by 39.01% for beams with corrugated laminates and mechanical fasteners as compared to control beam specimen of M20 grade concrete. 5. From the above results, it can be proved that RSM is an efficient tool to develop mathematical model and predict an ultimate load for strengthened reinforced concrete beams. Also RSM provides a precise and easy approach in the numerical analysis and prediction of strength characteristics. 6. The inclusion of GFRP rectangular laminates, therefore, contributes to the load carrying capacity of beams. It is indicated that retrofitting with GFRP laminates provides a feasible rehabilitation technique for repair as well as strengthening. 7. It can also be noted that the increase of GFRP thickness would result in a proportional increase in the load carrying capacity. 8. The comparison between the results of beam with rectangular corrugated sheets and plain sheets, indicates that the beam with corrugated profile achieve an ultimate load enhancement upto 11.65%, as compared to the beam with plain sheets for 300 GSM wherein the load capacity is upto 14.95% for 450 GSM for M15 concrete grade. Similarly for M20 grade concrete, ultimate load is increased upto 14.67%, 22.84% and 26.26% for 300 GSM, 450 GSM and 600 GSM corrugated sheets, respectively as compared to that of control beams. 9. Around 90% of the beams show that the failure was not because of debonding and rupture of GFRP composites and the failure was mainly due to flexure. It confirms that, under the same type of GFRP corrugated laminates filled with epoxy chalk powder mix and usage of second layer of plain sheets and mechanical fasteners perform well in strengthening works. 10. A comparison between the experimental and analytical results indicated that the analytical procedure can give reasonable prediction for the load carrying capacity of strengthened beams with GFRP plain sheets and corrugated laminates.
